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23
For the purpose of analyzing approximate schemes for the cal- 
27
The first term is the diamagnetic shielding (as defined in Section can be neglected. 6 However, new theoretical and computa-36 tional developments have allowed the importance of the current 37 dependence of DFAs to be studied in isolation and it was found 38 that these effects are not small compared with the total error of 39 the best DFAs. 1 This observation constitutes an incentive to de- possible. The aim of this paper is to quantify the magnitude of
81
In common with all second-order magnetic properties, the shield-
82
ing tensor can be decomposed into diamagnetic and paramag-83 netic parts, bitals (GIAOs), are contained in the paramagnetic part. 24 Specif-
92
ically, we define the diamagnetic part as (omitting here and else-
93
where the summation over electrons) 
103
In the present paper, the quality of the total shielding constant σ K Here we are concerned only with pure density functionals, i.e.
113
LDA, GGA, and the exact universal functional. When the cur-
114
rent dependence of the exchange-correlation energy is neglected,
115
the ground-state energy can be decomposed into familiar com-
116
ponents: the non-interacting kinetic energy T s (ρ, A) with a de-
117
pendence on the vector potential A, the exchange-correlation-
118
Hartree energy E xcH (ρ), and the interaction between the elec-
119
trons and the external scalar potential v set up by the nuclei,
120
(v, ρ):
Note that within this approximation, E xcH here remains the stan-
123
dard "non-magnetic" exchange-correlation-Hartree energy.
124
We now show that, for a current independent functional of 
132
For closed-shell systems (which are considered here), the first derivative of T s with respect to A vanishes since T s (ρ, A) is an even function of A at A = 0. The Euler equation is therefore automatically satisfied to first order in A, implying that the density depends on A only to second order. Setting ρ = ρ 0 + ρ 2 A 2 and ex-panding the ground-state energy to second order in A, we obtain The present proof relies only on the observation that T s is even in
143
A at A = 0.
144
For the shielding tensor, we then insert denote the TPSS functional with this choice of τ by cTPSS(τ MS ).
189
Another option is to use the gauge-invariant kinetic energy pro-
190
posed by Dobson, 37 and used by Becke 38 and Tao, 39
192
This kinetic energy density depends only on the paramagnetic 
205
We used the augmented correlation-consistent basis sets by
206
Dunning and coworkers, known to be suitable for the computa-
207
tion of magnetic properties. 42 We investigated basis-set conver-
208
gence and found the aug-cc-pVQZ basis 43 236 We begin by assessing the importance of σ para j relative to the dia-237 magnetic and current-independent contributions to the shielding 238 constant in Eq. (1) for the molecules in the test set, see Table 1 .
239
In this table, σ is the total shielding constant calculated using 240 CCSD(T) theory and the diamagnetic part σ dia is the expecta-
241
tion value in Eq. (4) calculated from the CCSD(T) density matrix.
242
To obtain the paramagnetic density and current contributions,
243
we have first calculated the total current free shielding constant 
247
From compared to the diamagnetic term.
326
We therefore investigate the electron density errors of the dif- of r (where ∆ρ = ρ − ρ CCSD(T) ) for the helium and neon atoms.
330
The first of these shows the local density error at different loca-
331
tions in the atom, and integrates to the expectation value r −2 .
332 Table 1 The diamagnetic, current independent paramagnetic and current dependent paramagnetic parts of the benchmark shielding constants in ppm, calculated at the CCSD(T) level, together with estimates of the absolute error due to the Wu-Yang procedure. Table 2 Mean absolute density error I (Eq. 12), mean and standard deviation (S) of the shielding error (in ppm) ∆σ dia = σ dia − σ dia CCSD(T) (left), ∆σ = σ − σ CCSD(T) (middle) and ∆σ KS = σ − σ KS (right). Here σ KS is the current independent DFT shielding computed from the CCSD(T) densities. This method is also labeled KS(CCSD(T)) in the The second quantity integrates to the error in the expectation value r −1 , while the third integrates to the error in the num- 
374
presented in Table 2 , the global density error is somewhat smaller cantly. However, the pure GGA functionals PBE and B97 both 380 perform similar to, or better than, B3LYP by the same measure.
381
However, the value of I seems to be only weakly correlated with 382 the quality of the diamagnetic shielding. The KT2 functional has 383 a large diamagnetic error but the value of I is not larger than for
384
BLYP. This emphasizes the physical fact that it is the density near 385 each atomic nucleus which is important for the shielding of that 386 particular nucleus.
387
The reason that the DFAs perform better than the HF method 388 according to these measures is that the errors, while large, are lo-
389
calized to small regions near the nuclei. Furthermore, the density 390 errors oscillate about zero as we move away from the nucleus,
391
as seen in Figure 1 . Around the nuclei all DFA densities show 392 a much larger error than the HF method; however, as we move
393
away from the nuclei, the DFA densities improve relative to the 394 HF density. It should also be pointed out that the absolute value
395
of the DFA error is about two orders of magnitude larger in the 396 core region than in the valence region. In other words, the HF 397 density has, relative to the CCSD(T) density, a more uniform er-398 ror, whereas the DFAs perform better in the valence region but 399 are much worse in the core region.
400
To summarize this section we note that for the worst perform- 
411
Finally we note that, for the considered molecules, MP2 gives 412 densities that are of much higher quality than all considered DFAs,
413
but as can be seen in Table 2 is strongly influenced by these two molecules, emphasizing the 424 molecules with the largest errors.
425
Regarding the error in the total shielding, we obtain a ranking 
443
The last row of the Fig. 2 The density error ∆ρ = ρ − ρ CCSD(T) with weightings (from top to bottom) 1, r, r 2 and r 4 , for the helium (left) and neon (right) atoms. The integral of the plotted functions corresponds to errors in the expectation value of 1/r 2 , 1/r , 1 (particle number) and r 2 , respectively. LDA is drawn using a thin dotted gray line, BLYP, B3LYP, PBE and B97 using solid thin gray line, KT2 thin dashed black line, TPSS black, HF dashed blue, MP2 red. The gray lines (GGA and hybrid functionals) are not intended to be distinguishable in this figure. Note the different scales in each subplot.
atoms. This means that the missing current contribution may be one of the leading causes of errors in shielding calculations using 
